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Edited by Lukas HuberAbstract Integrin avidity is regulated by changes in the confor-
mation of the heterodimer and cluster formation. We measured
cell adhesion by integrin a2b1 (CHO-a2) to collagen at short
contact times (0.5–60 s) by single cell force spectroscopy
(SCFS). The adhesion increased rapidly with contact time and
was further strengthened by the addition of 12-O-tetradecanoyl-
phorbol-13-acetate (TPA), a protein kinase C (PKC) and inte-
grin activator. TPA also improved the strength of adhesive
units. Furthermore, changes in membrane nanotube properties
indicated better coupling of integrins to the cell cytoskeleton.
We conclude that in addition to increasing integrin avidity
TPA strengthens integrin–cytoskeletal linkage.
 2008 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Integrins have a central role in coupling the extracellular ma-
trix (ECM) to the cell cytoskeleton [1]. Their avidity for ECM
ligands is regulated by a process called inside–out signaling or
activation. During activation integrin conformation is modu-
lated from a low-aﬃnity to a high-aﬃnity state [2]. In the
low-aﬃnity conformation the integrin heterodimer is bent to-
wards the plasma membrane and the cytoplasmic domains
(tails) of a and b subunits are held together by a salt bridge
[3–4]. The binding of cytoplasmic proteins to integrin b tails
disrupts the salt bridge and triggers straightening of the ecto-
domain to an upright position [5–6]. In the high-aﬃnity con-
formation integrin heterodimers are straightened up.
Receptor clustering that leads to locally high concentrations
of integrins is another mechanism of integrin avidity regula-
tion.
Protein kinase C (PKC) mediates the inside–out activation
of integrins. However, the details of this activation pathway
are not well known. PKC-a has been shown to directly associ-bbreviations: BIS, bisindolylmaleimide; DAG, diacyl glycerol
MEM, Dulbeccos modiﬁed Eagles medium; ECM, extracellular
atrix; PKC, protein kinase C; SCFS, single cell force spectroscopy;
PA, 12-O-tetradecanoylphorbol-13-acetate
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doi:10.1016/j.febslet.2008.09.022;ieties. Puate with the cytoplasmic tail of integrin b1 [7]. In addition,
PKC may phosphorylate focal adhesion proteins like talin
[8–9] and ﬁlamin [10]. These proteins mediate the interactions
of integrins with the actin cytoskeleton. PKC can be activated
with the phorbol ester, 12-O-tetradecanoyl-phorbol-13-acetate
(TPA), which mimics the action of diacyl glycerol (DAG), a
natural activator of PKC. PKC activation by TPA increases
the avidity of collagen receptor integrin a2b1 for collagen by
two mechanisms. First, it induces clustering of the receptors
in the absence of ligands, and second, it promotes conforma-
tional activation of the integrin heterodimers [11].
The methods commonly used to study cell adhesion require
long time periods from tens of minutes to many hours. During
this time various signaling cascades get activated and focal
adhesions maturate. In order to observe the short-term eﬀects
of an activity modulating factor on adhesion formation stan-
dard assays can not be used. Here, we measured the eﬀects
of TPA on adhesion of integrin a2b1 expressing CHO cells
to ﬁbrillar collagen I. The ﬁrst minute of contact was studied
using single cell force spectroscopy (SCFS). Adhesion in-
creased with contact time and by TPA addition. The coupling
of plasma membrane to cell cytoskeleton also strengthened
with TPA addition. Reinforced plasma membrane–cytoskele-
ton adhesion may promote cell cytoskeleton dependent cellular
processes like cell spreading and migration.2. Materials and methods
2.1. Cell culture
Chinese hamster ovary cells (CHO) were stably transfected with
human integrin a2 (CHO-a2) [12]. Cells were cultured in MEM-amed-
ium (Gibco) containing 10% fetal calf serum, 100 IU/ml penicillin and
100 lg/ml streptomycin and supplemented with G-418 (400 lg/ml,
Invitrogen). For the SCFS measurements, cells were trypsinized at
37 C for 2–3 min. Trypsin was inactivated with phosphate-buﬀered
saline (PBS) containing soybean trypsin inhibitor (ﬁnal concentration,
1.3%). The cells were pelleted at 200 · g for 3 min and transferred to
serum-free, CO2-independent medium (Dulbeccos modiﬁed Eagles
medium [DMEM] containing 20 mM HEPES, pH 7.4) for SCFS mea-
surements.
2.2. Surface functionalization with collagen
Structurally well deﬁned collagen type I matrices were prepared as
described earlier [13,14]. Shortly, mica disks (Ø 4 mm) were glued on
glass coverslips (Ø 24 mm) with an optical adhesive (OP-29; Dymax,
Torrington, CT). Buﬀer containing 50 mM glycine, pH 9.2, 200 mM
KCl, and 100 lg/ml collagen type I (PureCol, Inamed, USA) was
pipetted on the freshly cleaved mica surfaces and incubated overnight
at RT. Before measurements the samples were washed several times
with PBS.blished by Elsevier B.V. All rights reserved.
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NanoWizard AFM (JPK Instruments, Berlin, Germany) mounted
on top of an Axiovert 200 inverted microscope (Carl Zeiss, Jena, Ger-
many) was used. A CellHesion module (JPK Instruments) extended the
vertical range of the AFM from 15 lm to 100 lm. SCFS measurements
were conducted using tipless V-shaped silicon nitride cantilevers hav-
ing nominal spring constants of 0.06 N/m (NP-0; Veeco Instruments,
Woodbury, NY). Before each experiment the sensitivity of the optical
lever system was calibrated and the cantilever spring constant deter-
mined with the inbuilt thermal noise method. Experiments were per-
formed at 37 C using a temperature-controlled BioCell sample
chamber (JPK Instruments).
2.4. Adhesion experiments and data analysis for SCFS
The measurements were conducted as described earlier [14,15].
Shortly, plasma-cleaned cantilevers were functionalized with conca-
navalin A and stored in PBS. Trypsinized cells were pipetted into the
BioCell 10–20 min after trypsinization. Where indicated, the cells
were treated with 1 lM TPA, (Calbiochem, Merck Biosciences, Ger-
many), integrin a2 function blocking antibody P1H5 5 lg/ml (Santa
Cruz Biotechnology, CA, USA) or 1 lM TPA along with 10 lM BIS
(Bisindolylmaleimide I, Calbiochem, Merck Biosciences, Germany)
for 10 min prior the experiments. Measurements were carried out with-
out further buﬀer changes.
Single cells were captured by pressing with the concanavalin A-func-
tionalized cantilever with a contact force of 400 pN for 3 s. Cell was
lifted from the surface and allowed to establish ﬁrm adhesion to the
cantilever for 5 min. To measure cell adhesion, the cell was brought
down to the collagen matrix with a set contact force of 1 nN. During
contact (0.5–60 s), the piezo height was kept constant using the AFMs
closed loop feedback mode. The cantilever was withdrawn at constant
speed (2.5 lm s1) over pulling ranges of 10–70 lm to ensure complete
detachment of the cell from the matrix. Usually, ten force–distance
curves were acquired for each cell for contact times up to 5 s, 1–5
curves for contact times up to 30 s and one or two force-distance
curves for 60 s contact times. The force–distance curves were analyzed
to ﬁnd maximal detachment and small unbinding forces using in-house
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p=0.00653. Results and discussion
3.1. TPA increases adhesion of a2b1 integrin expressing CHO
cells to collagen
PKC mediates activation of integrins [16]. In several reports,
TPA, a PKC activator, has been shown to increase a2b1
dependent cell adhesion [17] by stimulating the conformational
activation of integrins as well as integrin clustering [11]. To
examine short-term TPA mediated eﬀects on cell adhesion
we used single cell force spectroscopy (SCFS). CHO cells were
chosen because although they express several integrins, they do
not express collagen receptor integrins endogenously [12]. By
transfecting CHO cells with integrin a2 cDNA the speciﬁcMaximal 
detachment
forceJumps
Membrane nanotubes
100 pN
1 μm
Fig. 1. Analysis of the force-distance curves recorded by SCFS. A
representative force–distance curve for a CHO-a2 cell recorded after a
5 s contact time at a pulling speed of 2.5 lm s1. The force–distance
curves were analyzed for three types of deadhesion events; the maximal
detachment, the single adhesive units (denoted as jumps) and mem-
brane nanotubes.interaction of integrin a2b1 with collagen could be studied.
A structurally well characterized ﬁbrillar collagen I matrix
was used as the adhesion substrate [13,18]. Single living
CHO-a2 cells were attached to a Concanavalin A-functional-
ized tipless cantilevers and brought to contact with collagen
matrices at a force of 1 nN. To measure adhesion strengthen-
ing the contact time was varied from 0.5 to 60 s. Thereafter,
the cantilever was withdrawn until the cell was fully detached.
The force with respect to the cantilever position was recorded
and the resulting force–distance curves were analyzed (Fig. 1).
The maximal detachment force corresponds to the maximal
cantilever deﬂection during retraction. Two types of smallCH
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Fig. 2. TPA strengthens the adhesion of CHO-a2 cells to collagen. (A)
The mean maximal detachment forces for CHO-a2 cells ± TPA (1 lM)
after 0.5–60 s of contact with collagen. (B) The mean maximal
detachment forces for CHO-WT and CHO-a2 cells (5 s contact time)
in the presence of TPA (1 lM), TPA (1 lM) and BIS (10 lM), and a2
integrin blocking antibody, P1H5 (5 lg/ml). In all ﬁgures where
indicated, the cells were incubated with TPA, TPA and BIS or P1H5
for 10 min prior the measurements. In all ﬁgures error bars denote the
standard error of the mean and the number inserted [n] within brackets
denote the number of force–distance curves analyzed. The results of a
Mann–Whitney or t-test are shown with brackets above the bars in all
ﬁgures (ns, no signiﬁcance P > 0.05).
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Fig. 3. Preactivation of CHO-a2 cells with TPA increases the strength
of the single adhesive units. (A) The force distribution of the single
force jumps for CHO-a2 (16 cells) and CHO-a2 + TPA (1 lM) (16
cells). (B) The mean force jump size for CHO-a2 cells (±TPA). Force–
distance curves recorded after 5 s of contact were analyzed for this and
the following ﬁgures.
3522 M. Tulla et al. / FEBS Letters 582 (2008) 3520–3524unbinding events were perceived. The ﬁrst type was character-
ized by force loading prior to rupture (also called as jump or
force jump). This was interpreted as a rupture of an adhesive
unit that was coupled to the cell cytoskeleton. No force load-
ing preceded the second type of small unbinding event. These
were interpreted as the unbinding of membrane nanotubes.
To trigger PKC mediated activation of integrins, cells were
incubated with TPA for 10 min prior SCFS measurements.
TPA treatment increased the maximal detachment forces of
CHO-a2 cells at every time point from 0.5 to 60 s (Fig. 2A).
TPA did not increase the adhesion of non-transfected (CHO-
WT) cells to collagen (Fig. 2B) conﬁrming that the observed
increased adhesion is integrin a2 dependent. The TPA induced
increase in CHO-a2 cell adhesion was inhibited by bisindolyl-
maleimide (BIS), a PKC inhibitor, demonstrating that the in-
creased adhesion was PKC dependent. CHO-a2 adhesion
was decreased to that of CHO-WT with the addition of inte-
grin a2 function blocking antibody, P1H5 (Fig. 2B). In addi-
tion, we performed conventional cell adhesion washing
assays using CHO-a2 cells at both +37 C and +4 C. Adhe-
sion to collagen I at +4 C clearly increased with TPA addi-
tion, in agreement with TPA induced inside–out activation
of integrins (Supplementary ﬁgure). Concurringly, TPA in-
duced adhesion was inhibited by PKC inhibitor BIS.
As cell adhesion measurements by SCFS were conducted
after a TPA incubation time of only 10 min, TPA induced
changes in gene expression were unlikely to have manifested.
Indeed, two separate studies show that the cell surface expres-
sion of integrin a2b1 does not change within the ﬁrst hour of
TPA addition [11,17]. Therefore, we conclude that the ob-
served TPA eﬀects are by the direct and fast activation of
the kinase function of PKC.
3.2. TPA improves the strength of single adhesive units in CHO-
a2 cells
When analyzing the small unbinding events of the CHO-a2
force–distance curves (see Fig. 1), TPA was observed to in-
crease the rupture force of the single adhesive units
(Fig. 3A). The force of the jumps in the CHO-a2 cells
(33.4 ± 5.4 pN, n = 16 cells, 171 force–distance curves,
means ± S.D.) increased by approximately 30% with TPA in-
duced integrin activation (43.3 ± 12.7 pN, n = 16 cells, 181
force–distance curves, means ± S.D.) (Fig. 3B). The TPA in-
duced increase in the force jump size was indicative of either
integrin clustering and consequent lateral adhesion strengthen-
ing and/or PKC induced reinforcement of integrin–cytoskele-
ton linkages and thus improved force resistance of the
adhesion. In CHO-WT cells this type of unbinding event was
extremely rare and thus impossible to analyze. This emphasizes
the role of a2b1 integrin in the adhesion of CHO-a2 cells to
collagen.
3.3. TPA increases the extraction forces of membrane nanotubes
in CHO-a2 cells
When a cell is detached from a surface membrane nanotubes
(also called as tethers) are extracted. Nanotubes form when the
lipid bilayer is pulled away from the cortical cytoskeleton in
thin tube-like protrusions. In cell detachment force–distance
curves membrane nanotubes are characterized by force pla-
teaus that end with the detachment of the nanotube from the
substrate (see Fig. 1). Here, membrane nanotube extractionforces were analyzed from the force–distance curves of
CHO-WT and CHO-a2 cells with and without TPA treatment.
For CHO-WT cells the force distributions of the nanotube
extraction did not change with TPA treatment ( Fig. 4A).
The average nanotube extraction force for CHO-WT cells
was 27.2 ± 3.8 pN (n = 17 cells, 239 force–distance curves,
means ± S.D.) and with TPA 30.5 ± 9.2 pN (n = 15 cells, 197
force–distance curves, means ± S.D.) (Fig. 4C). In good agree-
ment with our results is an earlier report showing that the aver-
age force needed to pull a membrane nanotube from CHO cell
was 30 pN (with 3 lm s1 pulling speed) [19].
The extraction forces of membrane nanotubes in TPA trea-
ted CHO-a2 cells increased remarkably and had a wider distri-
bution (Fig. 4B). The average extraction force for CHO-a2
cells increased by 39% (means ± S.D. for CHO-a2:
30.1 ± 4.4 pN, n = 14 cells, 130 force–distance curves, for
CHO-a2 with TPA: 41.8 ± 15.4 pN, n = 15 cells, 126 force–dis-
tance curves) (Fig. 4C). It is well established that the mem-
brane nanotube extraction force mainly depends on plasma
membrane–cytoskeletal coupling [20–22]. Therefore, we con-
clude that TPA induced integrin activation reinforces mem-
brane–cytoskeletal connection in CHO-a2 cells. An
equivalent increase in the extraction force was not detected
for CHO-WT cells lacking this collagen receptor.
3.4. The number of membrane nanotubes is decreased due to
TPA treatment
With the strengthening of the integrin–cytoskeletal linkage a
decrease in the number of nanotubes is expected. Therefore,
the number of membrane nanotubes within each force curve
CHO-WT CHO-α2
0
10
20
30
40
50
M
ea
n 
un
bi
nd
in
g 
fo
rc
e 
(p
N
)
  -TPA
 +TPA
Rupture force (pN)
 CHO-WT [239]
 CHO-WT +TPA [197]
 fit CHO-WT [LogNormal]
 fit CHO-WT +TPA [LogNormal]
 CHO-α2 [130]
 CHO-α2 +TPA [126]
 fit CHO-α2 [LogNormal]
 fit CHO-α2 +TPA [LogNormal] 
30
25
20
15
10
5
0
R
el
at
iv
e 
co
un
ts
 (%
)
10080604020
30
25
20
15
10
5
0
R
el
at
iv
e 
co
un
ts
 (%
)
10080604020
Membrane nanotube extraction force (pN)
ns.
p=0.0128
Fig. 4. Preactivation with TPA increases membrane nanotube extrac-
tion forces of CHO-a2. (A) Distribution of single nanotube unbinding
events for CHO-WT (17 cells) or CHO-WT + TPA (15 cells) and for
(B) CHO-a2 (14 cells) CHO-a2 + TPA (15 cells). (C) Mean membrane
nanotube extraction force for CHO-WT and CHO-a2 (±TPA) cells.
CHO-α2 CHO-WT
0.00
0.05
0.10
0.15
0.20
0.25 -TPA
+TPA
N
o.
 o
f n
an
ot
ub
es
/n
N
p=0.0011
p=0.1669
Fig. 5. TPA enhances plasma membrane–cytoskeleton coupling. The
number of membrane nanotubes at distances 2–9.5 lm for CHO-a2
and CHO-WT cells (±TPA) was calculated for each force–distance
curve. To allow comparison between cells the number of membrane
nanotubes/nN was calculated using the mean number of nanotubes for
force–distance curves and the mean maximal detachment force of the
cells.
M. Tulla et al. / FEBS Letters 582 (2008) 3520–3524 3523was determined. Deadhesion events having the characteristic
force plateau before unbinding at distances between 2 lm
and 9.5 lm were analyzed. The number of nanotubes per
force–distance curve after 5 s contact time varied between zero
and nine. To obtain comparable numbers for the diﬀerent cell
lines the mean number of nanotubes was divided by the mean
detachment force for each cell line. TPA incubation decreased
the frequency of nanotubes by 30% for CHO-a2 and 25%
for CHO-WT cells (Fig. 5). The decrease in the frequency of
nanotubes together with the increase in membrane nanotube
extraction force indicated enhanced adhesion of the plasma
membrane to underlying intracellular structures.
CHO-WT cells, although devoid of collagen receptors, con-
tain other types of TPA responsive integrins. Due to the use of
collagen matrix the eﬀect of TPA was not manifested as in-
creased cell adhesion of CHO-WT cells. However, the de-
creased number of nanotubes in CHO-WT, like in CHO-a2,
indicates enhanced plasma membrane cytoskeleton adhesion
by the same mechanism.Integrin associated proteins are often multifunctional.
Therefore, activation mediating proteins may also link inte-
grins to the cytoskeleton. The interaction of talin with the
cytoplasmic domain of integrin b subunit is understood at
the structural level. Association leads to separation of the cyto-
plasmic tails of a and b subunits and, thereby, to conforma-
tional activation [6]. Recent publications indicated that
ﬁlamins and kindlins are important for integrin regulation
[23,24] and showed that the ﬁlamin binding site on the integrin
b subunit overlaps with that of talin [23]. Thus, ﬁlamin may
regulate talin binding [23]. Talin, ﬁlamin, kindlins and other
proteins may regulate the conformational activation of inte-
grins. Our measurements indicate that in concert with the acti-
vation of integrin extracellular domains, integrin intracellular
domains form connections to cytoskeleton. Binding interac-
tions between plasma membrane and cytoskeleton regulate cel-
lular functions like spreading, migration, formation of cell
protrusions and endo- and exocytosis. Our results suggest that
the TPA dependent increase in cell adhesion and spreading is
not solely due to integrin conformational activation and clus-
tering. In addition, TPA seems to prime integrins for adhesion
intracellularly by improving their connection to the cell cyto-
skeleton. This enhanced mechanical coupling may assist and
accelerate cellular processes that are dependent on the dynamic
function of the actin cytoskeleton, such as cell spreading and
migration.
Acknowledgments: The authors want to thank the expert technical
assistance of Isabel Richter. Clemens Franz is acknowledged for the
fruitful discussions.Appendix A. Supplementary material
Supplementary data associated with this article can be
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